ABSTRACT
INTRODUCTION
Climate change is a major agent driving species distribution and diversity patterns (Svenning, Eiserhardt, Normand, Ordonez & Sandel, 2015) . Often, studies on biotic impacts of climate change focus on species demographic responses to recent climatic oscillations (Hewitt, 2000) , or the effect of current global warming on biodiversity loss (Dawson, Jackson, House, Prentice & Mace, 2011 ). Yet, short temporal scales might be limited in their capacity to predict the long-term effects of climate changes. The Earth's past climate has gone through periods of climate change that are similar in scale and pace to the warming trend we observe today during the Anthropocene (Zachos, Dickens & Zeebe, 2008) . Disentangling the response of organisms to these ancient climate events is key to understand the impact of current warming on biodiversity, but requires the combination of multiple data layers , including inferences on the timing of past diversification events, and the paleoclimatic and geographical context under which they occurred. Extinction is likely to have removed important parts of a lineage's evolutionary history, adding uncertainty. Including fossil information is thus important in deep time ancestral inferences (Slater, Harmon & Alfaro, 2012; Betancur-R, Ortí & Pyron, 2015;  Meseguer, Lobo, Ree, Beerling & Sanmartin, 2015) . Available paleoclimate data is often restricted to the recent past (Otto-Bliesner, Marshall, Overpeck, Miller & Hu, 2006) , limiting as well our ability to infer the impact of ancient events. As a result, studies on deep-time paleoclimate legacies on biodiversity remain scarce .
Some of the most dramatic events of climate change occurred during the last ~100 myrs. The Late Cretaceous is considered a relatively warm period. After the mass extinction of the Cretaceous-Tertiary (K/T boundary, 66 Ma) and the impact winter brought by the K/T extinction event, climates became more humid and warmer, with tropical conditions spanning northern and southern latitudes at the beginning of the Cenozoic (Tiffney, 1984; Morley, 2000; Ziegler, Eshel, Rees, Rothfus, Rowley et al., 2003) .
Global temperatures reached c. 15 degrees warmer than present during the Early Eocene
Climate Optimum (EECO), 53-51 Ma (Zachos et al., 2008; Beerling, Fox, Stevenson & Valdes, 2011) , but by the Late Eocene (~34 Ma), a precipitous drop in global temperatures termed the Terminal Eocene Event (TEE) (Wolfe, 1985) , started a global cooling trend that climaxed during the Pleistocene glaciations. This trend was punctuated with cooling periods such as the Late Miocene Cooling "LMC" (Beerling, Berner, Mackenzie, Harfoot & Pyle, 2009) or periods of warmer climates, such as the Middle Miocene Climate Optimum (MMCO, or the Mid Pliocene Warming Event (MPWE, 3.6 Ma) (Zachos et al., 2008; Willis & MacDonald, 2011) .
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The fossil record indicates that these climatic changes were accompanied by concomitant changes in vegetation. The greenhouse interval of the early Cenozoic promoted the extension of tropical assemblages in northern and southern latitudes at the expanse of the subhumid forests of the Late Cretaceous (Tiffney, 1984; Morley, 2000; Ziegler et al., 2003) , whereas global cooling at the TEE replaced in the Holarctic a moist, warm-adapted boreotropical vegetation (broad-leaved evergreen and hardwood deciduous taxa) by a temperate mixed-mesophytic forest dominated by coniferous elements (Wolfe, 1975; Tiffney, 1985; Morley, 2007) . At the lineage level, paleontological and phylogenetic evidence suggest that the response of plants to these climatic events was diverse, including extinction (Antonelli & Sanmartín, 2011; Xing, Onstein, Carter, Stadler & Linder, 2014; Pokorny, Riina, Mairal, Meseguer, Culshaw et al., 2015) ; migration (Davis, Bell, Mathews & Donoghue, 2002; Morley, 2007; Couvreur, Pirie, Chatrou, Saunders, Su et al., 2011) , or persistence and adaptation, with the evolution of new climatic preferences and relevant traits (Willis & MacDonald, 2011) . In the case of the TEE, the latter would have required the evolution of complex physiological systems to cope with frost, such as shedding leaves during freezing periods or senescing above ground tissues (Zanne, Tank, Cornwell, Eastman, Smith et al., 2014) . Though there is phylogenetic evidence that adaptation to cold has occurred several times in angiosperms (Donoghue & Edwards, 2014; Spriggs, Clement, Sweeney, Madriñan, Edwards et al., 2015) , evidence for the EECO-TEE boreotropical/temperate vegetation transition comes mainly from the paleobotanical literature (Wolfe, 1977; Tiffney, 1985) .
The clusioid clade, in the order Malpighiales (Wurdack & Davis, 2009; Xi, Ruhfel, Schaefer, Amorim, Sugumaran et al., 2012) , provides an excellent test case to explore the response of flowering plants to rapid climate change, including episodes of global warming (EECO) and cooling (TEE). This clade includes five families: Bonnetiaceae, Calophyllaceae, Clusiaceae, Podostemaceae and Hypericaceae, comprising ~1900 species, and 94 genera (Ruhfel et al., 2011) The families are old, having radiated in a rapid burst in the Late Cretaceous, and considered to be early members of the tropical rain forest ( Fig.   1) (Davis, Webb, Wurdack, Jaramillo & Donoghue, 2005; Xi et al., 2012; Ruhfel, Bove, Philbrick & Davis, 2016) . Today, clusioid families occur in a variety habitats including closed-canopy rain forest but also open-canopy dry tropical vegetation, temperate and Mediterranean forest, damp and aquatic environments (Stevens, 2007) . The majority of clusioid species, however, inhabit the tropical regions of South America, Africa and Southeast Asia, except Hypericum (St John's wort, Hypericaceae), the most diverse clusioid genus, c. 500 species, (Robson, 2012) , and the only one that has achieved a nearly cosmopolitan distribution across the temperate regions of the world and tropical 5 mountains of the Southern Hemisphere (Meseguer, Aldasoro & Sanmartin, 2013) . Previous studies have suggested a link between the evolutionary success of Hypericum and the evolution of new temperate affinities relative to their clusioid ancestors (Meseguer et al., 2013; Meseguer et al., 2015; Nürk, Uribe-Convers, Gehrke, Tank & Blattner, 2015) . A recent work placed this event of niche evolution in the Oligocene, concomitant with climate cooling and initial diversification in the genus (Nürk et al., 2015) . However, phylogenetic and climatic inference in this study did not go further back than the stemnode of Hypericum -the divergence between tribe Hypericeae (= Hypericum) and tropical sister tribes Vismieae and Cratoxyleae. This limited the ability to explicitly test the niche evolution hypothesis, as information prior to the crown node of Hypericaceae was missing, introducing uncertainty in the inference of ancestral climatic preferences. In addition, fossil evidence suggests that some clusioid lineages were present in the Holarctic before the TEE transition: i.e. Late Cretaceous fossil record of Clusiaceae from North America (Crepet & Nixon, 1998) and Paleogene pollen of Calophyllum (Callophyllaceae) from Europe (Cavagnetto & Anadón, 1996) . At the start of the Mid Cenozoic, however, these families disappear entirely from the fossil record of the northern latitudes. What might explain that disappearance from high latitudes?
Here, we use fossil information in combination with paleoclimate data, species distribution models (SDMs) and macroevolutionary inference methods calibrated with fossils to reconstruct ancestral climatic preferences, past geographical distributions, and diversity dynamics in Hypericum and its closest clusioid relatives: genera within the families Callophylaceae (Podostemaceae, Hypericaceae), herein the clusioid CPH clade. 
METHODS

Reconstructing ancestral niche and past geographic distributions
Compilation of distributional and climatic data
Extant distributional data for the clusioid CPH clade were obtained from online databases (http://www.gbif.org, accessed on January 2017) and from our own collection. A total of 173.459 data points were collated to exclude ambiguous citations (points in the sea, 6 country centroids, areas out of the native distribution of the species) and repeated occurrences using SpeciesGeoCoder (Töpel, Zizka, Calió, Scharn, Silvestro et al., 2017) (Meseguer & Sanmartín, 2012; Meseguer et al., 2015) . A detailed discussion on the fossil record of Hypericum from Meseguer et al. (2015) can be found in Appendix S3. Current climatic data were obtained from WorldClim (Hijmans, Cameron, Parra, Jones & Jarvis, 2005) at a resolution of 5 arc-minute cells. For past scenarios we used Hadley-Centre coupled ocean-atmosphere general circulation models, at a resolution of 2.5º x 3.75º, excepting the Cretaceous layer at a resolution 5º x 5º (Beerling et al., 2009; Beerling et al., 2011) , which represent six major global warming/cooling events in the Earth's recent history, and designed to incorporate the effects of changing levels of atmospheric CO2: 1) Turonian (Cretaceous) (representing the geology and paleotectonics of the time interval 93-89 Ma, and modelled under 1120ppm CO2), 2) EECO (53-51 Ma, 1120ppm CO2); 3) TEE (34 Ma, 560ppm); 4) MMCO (17-14 Ma, 400ppm); 5) LMC (11.6 Ma, 280ppm); 6) MPWP (3.6 Ma, 560ppm); and 7) the Preindustrial world (> 1900s, 280ppm) . The last five were used in Meseguer et al. (2015) . The Turnonian paleoclimate model is here used for the first time to accommodate potential climate change during the early history of the clusioid clade. These paleoclimate models include average monthly temperature and precipitation values and were used here to generate seven climatic variables: annual precipitation (AP), annual variation in precipitation (AVP), maximum monthly precipitation (MXMP), minimum monthly precipitation (MNMP), mean annual temperature (MAT), maximum monthly temperature (MXMT) and minimum monthly temperature (MNMT). Among these, we selected the four showing iteratively a Variance Inflation Factor (VIF) lower than 5: AP, MNMP, MNMT and MXMT. VIF quantifies the multicollinearity of predictors (Dormann, Elith, Bacher, Buchmann, Carl et al., 2013) , and a value of 5 indicates that the selected predictors are only moderately correlated.
Ancestral niche reconstruction
To reconstruct ancestral climatic preferences, we used a composite phylogenetic hypothesis representing relationships at the genus level within the CPH clade and at the 7 section level within Hypericum (methods used to construct these trees are described on Appendix S3). The clusioid tree was obtained from Ruhfel et al. (2016) 's study and represents 76 of the 94 described clusioid genera, covering all major morphological and biogeographic variation in the group (the first figure in Appendix S4 as Fig. S4 .1). The tree was pruned, using ape (Paradis, Claude & Strimmer, 2004) , to include only representatives of the CPH clade. The Hypericum dated tree was obtained from the species-level phylogeny of Meseguer et al. (2015) , including 114 species and represents all recognized major geographical and morphological variation ( Fig. S4.2 ). Because representation of species within sections in this tree was uneven and to avoid bias in the ancestral inference of climatic niches (i.e. different number of tips across Hypericum sections and clusioid lineages), we pruned the Hypericum tree to include one species per major clade recognized by Meseguer et al. (2013) (the first table in Appendix S5 as Table   S5 .1). Similarly, some genera recovered as non-monophyletic in the CPH clusioid clade (Ruhfel, Bittrich, Bove, Gustafsson, Philbrick et al., 2011) were collapsed to the same branch (see Table S5 .2). The Hypericum tree was grafted into the clusioid tree using the function bind.tree in ape, with a branch length proportional to the age recovered for the crown age of Hypericum , which is congruent with the one obtained by (Ruhfel et al., 2016) (Fig S4.1, S4 .2). The final supertree included 42 tips, representing all major geographic, phylogenetic, and morphological variation in families Calophyllaceae, Podostemaceae and Hypericaceae.
We estimate climatic preferences at the nodes of the clusioid CPH tree using continuous-trait ancestral state inference models (O'Meara, 2012), implemented in the Bayesian software RevBayes (Höhna, Landis, Heath, Boussau, Lartillot et al., 2016) , and based on a Brownian model of niche evolution. For each climatic variable, tip values were calculated as the centroid of the climatic conditions of all occurrences assigned to the tip: (max+min)/2. Fossil information was included for Hypericum (Late Eocene) crownancestors, calculated as the centroid of the climatic condition of Eocene-Oligocene Hypericum fossils occurrences in the Late Eocene (560ppm) simulation (Table S5. 3). The position of this fossil calibration was let as a free parameter along the stem Hypericum and integrated upon. We tested the impact of calibration on our estimates by considering all models with and without calibration.
We initially considered more adaptive models, such as the OU or multiple OU models (O'Meara, 2012) . However, the selective optimum and the root state cannot be identified under the OU model (Ho & Ané, 2014) . We found that this effect concerned all ancestral trait estimates when fitting the OU model on simulated datasets, with highly negatively correlated posterior samples of the selective optimum and ancestral traits. Ho 8 & Ané (2014) further showed that this problem generalizes to multiple-optima OU models.
Finally, extensive tests for the fitting of OU models in RevBayes (Cornuault, in prep.) revealed that the inferred number of selective regimes in a multiple-optima OU model, or the uncertainty associated to ancestral trait estimates are highly dependent on the choice of prior for the selection strength parameter of the OU model. In contrast, ancestral traits were generally estimated accurately and with higher precision using a Brownian model, even for data generated under strong OU models (Cornuault, in prep.) . Considering these problems for the inference of ancestral traits using OU models, we decided to use the Brownian model. For the Brownian model, we relaxed the hypothesis of a constant rate of niche evolution by using an uncorrelated exponential relaxed clock for niche traits. Specifically, each branch received its own rate, assumed to be exponentially distributed, with mean μ :
The average rate μ then received an exponential prior of mean 10:
This prior was much flatter than the posterior in all analyses, so it is effectively uninformative relative to the likelihood.
Tip traits were scaled to mean 0 and unit variance before analysis and the root trait received a normal prior with high variance (100) relative to that of tip traits (1):
The trait value at the end of branch i, ti, received the Brownian motion distribution:
where bi is the length of branch i, and a(i) denotes the index of the ancestor of branch i.
The time of calibration received a uniform prior between s and e, the starting and ending times of the calibration branch (i.e. the stem of Hypericum) c ~ uniform( s, e) (5) The calibration branch was cut in two parts, with: (tc, σk (bk-( τe -τc) )) (7) where k is the index of the calibration branch and tc is the trait calibration value (fixed).
This model was implemented in RevBayes and three independent runs of 100,000 iterations were carried out with a thinning of 10, providing a final sample of size 30,000 for temperature variables (scripts are available in Appendix S6). 
Diversification analyses
To investigate the impact of climate cooling on diversification trajectories in the clusioid CPH clade and answer the question on whether a change in climatic preferences triggered rapid diversification in Hypericum (iv), we inferred rates of lineage diversification using stochastic birth-death models and Bayesian MCMC methods in the R package TESS . The supertree described above was used to explore diversification dynamics within the CPH clusioid clade, while for Hypericum we used the species-level tree from Meseguer et al. (2015) , which allowed us to go deeper into diversification patterns within sections in Hypericum. TESS allows comparison among various diversification regimes, including birth-death models where speciation and extinction rates are constant; they vary continuously over time or change episodically in time. The latter (CoMET) correspond to models in which speciation and extinction are allowed to change at discrete intervals, while including also explicit models for massextinction (global sampling) events . For the clusioid tree, incomplete taxon sampling was accommodated using the "diversified" strategy in TESS, which is appropriate when sampling is intended to include representatives of major clades, e.g. clusioid genera . For Hypericum, we used uniform random sampling with probability ρ = 0.3. The constant-rate model was specified with two parameters, the speciation and extinction rate, each controlled by an exponential prior distribution with rate = 0.1. We also tested four models with continuously varying diversification rates, in which speciation and extinction rates decrease or increase exponentially over time, while the other parameter remains constant. We used exponential priors for all parameters as above (scripts are available in Appendix S6).
Because the number of possible episodic models is infinite, we used reversiblejump MCMC (rjMCMC) approaches in CoMET (TESS) to integrate model uncertainty over all possible episodically-varying birth-death processes including time of rate shifts and mass-extinction events . We set the expected number of events (speciation and extinction rate shifts, as well as mass-extinction events) to 2 and used the function empiricalHyperPriors=TRUE to determine values of the hyperpriors for the diversification parameters. We run 2 mcmc chains for 1 million iterations each, thinning every 100th and discarding the first 1000 as burnin; the auto-tuning function was used in all analyses. We used the package coda (Plummer, Best, Cowles & Vines, 2006) to summarize samples and assess good mixing (ESS) of each mcmc run. The Gelman-Rubin test was used to evaluate convergence among runs. Finally, we used stepping-stone simulations to estimate the marginal likelihood of the data under each model (with 1000 iterations and 50 power posteriors), and compare these using Bayes Factors. Table S5 .4 shows extant climatic preferences for clusioid CPH lineages and Hypericum clades. Appendices S7-S14 show for each variable the inferred climatic values with or without fossil calibrations. The ancestor of the CPH clade was found living under similar temperature and precipitation conditions than current tropical non-Hypericum Hypericaceae and Podostemaceae taxa ( Fig. 2; Fig. S4.3) . The ancestors of Calophyllaceae species thrived under similar temperature but higher precipitation regimes (AP and MNMP) than most other CPH lineages. Stem-node Hypericum was estimated to occur in tropical conditions (similar to other non-Hypericum Hypericaceae and Podostemaceae taxa), while the ancestral niches within the Hypericum clade were characterized by lower temperatures, especially for the MNMT, and precipitation regimes (Fig. 2) . The Bayesian posterior distribution of the difference between average trait values for all most recent common ancestors (mrca) of Hypericum clades (including crown node) and the values estimated for stem-Hypericum node yielded 95% highest posterior density (HPD) intervals larger than 0 for the temperature variables, but were non-significant for precipitation variables (Fig S4.4) . We also calculated the difference between average reconstructed values for all Hypericum mrcas and the average mrcas of other nonHypericum species in the tree, and found that the HPD for the difference is below 0 for all variables, except for MNMP, which did not differ between the two groups. Finally, we found no difference in trait values between the stem-Hypericum node and the average mrca of other CPH clusioid taxa for all variables. In sum, our fossil-informed analyses support with confidence that Hypericum crown ancestors have on average lower temperature and precipitation (more temperate) values than the rest of the tree. The analyses without fossil constraints produced similar results (Fig. S4.3) , though differences between average Hypericum trait values and stem-Hypericum were smaller (Fig S4.5) living under slightly wetter (AP) and warmer regimes (MNMT)-and uncertainty was slightly higher for stem-Hypericum reconstructions (Fig. 2) .
RESULTS
Ancestral Niche Reconstruction
The geographic projection of these ancestral climatic values onto the corresponding paleoclimate layer (Fig. 3) indicates that the ancestors of CPH lineages could have found favourable conditions in the (presently) tropical regions of northern South America and central Africa, the southern coasts of the Northern Hemisphere, and the East Gondwana landmasses of Antarctica, southern South America, and Australia. The geographic extent of these favourable conditions increased in the Holarctic for the ancestors of family Hypericaceae, whereas Hypericum shows a continuous presence across the southern parts of the Northern Hemisphere during the entire Cenozoic period, in agreement with projections obtained from fossil-based SDMs .
Diversification analyses
For Hypericum, the episodic diversification model fitted the data slightly better than the constant rate model (BF > 1.3), but substantially better than other continuous-varying diversification models (BF > 6.7; Table S5.5). CoMET (TESS) did not found evidence of mass-extinctions in Hypericum, but identified a rate shift (weakly supported) towards increasing speciation and decreasing extinction around 15-10 Ma (BF = 2; Fig. 4; Fig.   S4 .6). For the clusioid tree, the constant-rate model fitted the data slightly better than a model with extinction increasing over time (IncrD, BF= 1.2) and than the episodic model (BF = 2.2). The latter identified a supported shift (BF > 4) towards decreasing speciation rates during the Late Eocene-Miocene, between 30-10 Ma (Fig. 4; Fig. S4.7) . The lack of significant support (BF > 5) for varying diversification rates in our models is likely a result of the small tree size. In any case, for the clusioids, models showing an increase in extinction rates were strongly preferred (BF > 10; Table S5 .6) over all models with varying speciation and constant extinction. . The traditional view is that the current extension of the tropical, closed-canopy rain forest was achieved more recently, following the impact winter precipitated by the K/T mass-extinction (Tiffney, 1984; Morley, 2000; Ziegler et al., 2003) . Controversy, however, exists in this regard, with some evidence suggesting that wet-megathermal forest, including angiosperms, arose by the Cenomanian before the K/T Davis et al., 2005) . Based on current species habitat occupancy, Davis et al. (2005) reconstructed the habitat of the ancestral species of the clusioid clade (∼102 Ma; Fig. S4.1 ; Ruhfel et al., 2016) (Fig. 2) . The evolution of preferences for more humid environments in the CPH clade is suggested to have evolved later during the early Cenozoic (< 60 Ma), and independently in family Calophyllaceae and Hypericaceae. These findings have additional implications for the fossil Paleoclusia chevalieri (90 Ma) from New Jersey (Crepet & Nixon, 1998) . As a close relative of the CPH clade -placed within the clusioid clade as stem or crown member of Clusiaceae s.s. (Ruhfel, Stevens & Davis, 2013 ) -our results raise the possibility that this taxon inhabited warm-subhumid habitats in the Holarctic during the Late Cretaceous as well. This is supported by its northern hemisphere distribution, similar to CPH ancestors (Fig. 3) , and by earlier interpretations that this locality was likely characterized by warm subtropical climates (Crepet & Nixon, 1998) . Overall, our results are consistent with hypotheses of a post-Cretaceous origin of current tropical rain forest. However, we acknowledge we are considering very large geographical areas that likely encompass potentially high variability in habitats, and fossil evidence from North America suggesting the presence of tropical rain forest before the K/T. Today, each of the three clusioid CPH families, Callophyllaceae, Podostomeceae, and Hypericaceae, exhibits an amphi-tropical distribution, with different genera inhabiting the Neotropics, South East Asia, and Africa (Fig. 3) . Ruhfel et al. (2016) argued that this disjunct distribution across former Gondwanan landmasses was achieved by 13 "boreotropical migration" during the Early Cenozoic or long-distance dispersal, rather than by ancient vicariance. The "boreotropical connection" hypothesis posits that current widespread tropical lineages were formerly present in the Northern Hemisphere when climates were warm and humid at the start of the Cenozoic, but became extinct in these regions and moved, or were restricted, to Equatorial regions as climates became cooler following the TEE (Lavin & Luckow, 1993; Davis et al., 2002; Morley, 2007) . Our ancestral niche and diversification analyses support this hypothesis. Geographic projections of ancestral climatic preferences show that ancestors of the clusioid CPH lineages could have found favourable conditions in the Northern Hemisphere before Cenozoic climate cooling (Fig. 3) , which is in agreement with the fossil record (Cavagnetto & Anadón, 1996) and with biogeographic reconstructions supporting the presence of Hypericaceae ancestors (∼71 Ma) in the Holarctic . Our continuous diversification analyses also indicate a trend of increasing extinction rates through time in the CPH clusioid clade, while the episodic model supports a scenario with a decline in diversification rates and increase in the extinction fraction towards the end of the Eocene (Fig. 4) . It is possible that, when the tropical biome retreated to the south (Morley, 2007) , these clusioid lineages failed to adapt to new temperate regimes and went extinct, persisting in refugia in southern tropical regions (Fig. 2, 3) . Similar scenarios of climate-driven extinction have been inferred in other angiosperms facing climate cooling (Antonelli & Sanmartín, 2011; Willis & MacDonald, 2011; Xing et al., 2014) .
Late Cenozoic evolution of Hypericum: temperate niche shifts, diversification, and geographical expansion into tropical mountains Meseguer et al (2015) suggested that Hypericum stem-lineages were distributed in the Holarctic before the EECO, and could have been part of the Early Cenozoic boreotropical flora. Our results support this hypothesis. Climatic preferences for Hypericum stem-node were inferred to be more similar to those observed today among other tropical Hypericaceae taxa -and other CPH lineages -than to extant Hypericum species (Fig. 2) .
Geographic projections of these climatic preferences show climatically suitable conditions for stem-Hypericum in the Holarctic during the Paleocene (∼64 Ma; Fig. 3) . By the TEE, concurrent with climate cooling (∼35 Ma), the mrca of all extant species (Hypericum crown-node) was already inferred to be adapted to temperate conditions: tolerating average temperatures up to -6ºC during the coldest month of the year, and drier environments than their ancestors, with less than 1000 mm of annual precipitation (Fig.   2, Appendix S7-S10) . This supports the idea that an event of climate niche evolution along the stem-branch of Hypericum, the acquisition of new temperate tolerances, allowed this genus to persist in the Holarctic after the TEE dramatic transition, whereas other clusioid relatives went extinct (Meseguer et al., 2013; Meseguer et al., 2015) . A previous study (Nürk et al., 2015) has also inferred a climatic niche shift towards temperate tolerances at the onset of Hypericum diversification, but this event is dated later during the Oligocene. The estimated Oligocene age for crown-Hypericum by Nürk et al. (25.8 Ma, 95% HPD=33-20 Ma; cf. Fig. 2 ) is about 10 Ma younger than the one estimated in -Late Eocene 34.9 Ma (HPD=34-37 Ma, Fig. S4.2) . It also differs from Ruhfel et al. (2016) analysis of the clusioid clade (37.3 Ma, HPD=26-52, Fig. S4.1) , which employed a different set of fossils, and from a more comprehensive analysis of Malpighiales dating the crown group of the New World clade of Hypericum at 25 Ma (Xi et al., 2012) , which is otherwise in agreement with our estimates for this node (29 Ma; HDP 23-33). Nürk et al.'s biogeographic reconstruction is also in conflict with the boreotropical hypothesis (stem lineages were reconstructed during the greenhouse period of the Eocene, including the EECO, in Africa) and in disagreement with the fossil record (Meseguer & Sanmartín, 2012) (see further discussion in Appendix S3).
Were these temperate preferences conserved over evolutionary time in
Hypericum? Overall, temperate preferences similar to those of crown-node Hypericum are shared by clades such as North American section Myriandra or semiaquatic Mediterranean Elodes (Fig. 2) . However, a trend towards increasing tolerance to cold can be observed in some clades, such as the mrca of Hirtella, with species widely distributed in Eurasia. Three Hypericum lineages were reconstructed in Meseguer et al. (2013) as migrating into the southern tropical mountains after the LMC event (c. 10 Ma): Campylosporus s.l. clade in Eastern Africa, Brathys in the Andean Paramo, and Ascyreia in the Himalayas. Although the common view is that the Miocene-Pliocene uplift of these mountains opened new areas with similar climatic conditions for temperate taxa, which promoted rapid diversification in pre-adapted taxa (Graham, Carnaval, Cadena, Zamudio, Roberts et al., 2014; Merckx, Hendriks, Beentjes, Mennes, Becking et al., 2015) , our results suggest that Hypericum did not experience the same temperate conditions in these regions than in the Holarctic.
Species of Ascyreia and Brathys occur in more humid environments than those inhabited by other extant Hypericum species (excepting in section Hypericum s.str.), and than those inferred for their Hypericum-crown ancestors (Fig. 2) . Their precipitation tolerances are indeed more similar to those of other tropical clusioid CPH lineages. Temperature tolerances for Campylosporus are also the most similar to the ones inferred for tropical stem-Hypericum. All of this suggests a remarkable ability of Hypericum to occupy different environments within the temperate biome, with climatic preferences being to a certain degree phylogenetically labile in this lineage (Evans, Smith, Flynn & Donoghue, 2009; Wüest, Antonelli, Zimmermann & Linder, 2015) .
Was the shift to temperate tolerances key for the evolutionary success of Hypericum? A general tenet in evolutionary ecology is that the acquisition of new climatic preferences allows a lineage to colonize novel ecological niches (e.g. temperate habitats), which can promote rapid diversification by ecological release, i.e. the availability of novel resources and reduction in direct competition (Wiens, Ackerly, Allen, Anacker, Buckley et al., 2010) . We found no direct correlation between the event of niche evolution before crown-Hypericum (> 35 Ma) and an increase in diversification in the genus. Instead, we found that extinction rates decreased and speciation rates increased in Hypericum after climates became increasingly colder with the Late Miocene climate cooling, c. 10 Ma (Fig.   4) . This increase in diversification in the Late Miocene coincides with Meseguer et al. (2013) 's reconstruction of migration events into the newly uplifted tropical mountains during this period within Brathys (Andes), Ascyreia (Himalayas), and Campylosporus (Africa), and with the inference of potential climatic adaptation in these clades (Fig. 2) . In sum, rather than the acquisition of temperate affinities at the start of Hypericum evolution promoting rapid diversification, the extant high diversity levels observed today can be explained by a combination of: 1) geographic range expansion facilitated by plate tectonics -i.e. the Miocene connection between North and South America, or between Europe and Africa -and Late Miocene climate cooling creating novel temperate niches in tropical mountain regions, and 2) niche evolution to new temperate wetter conditions (e.g.
Brathys, Ascyreia).
Niche evolution, climate change and the boreotropical roots of temperate taxa
The TEE was probably the most dramatic climate cooling of the last 66 Ma, representing a vegetation turnover at a scale (temporal, geographic, compositional) not seen later (Morley, 2007) , and has often been associated to historically high extinction rates in Holarctic plants (Antonelli & Sanmartín, 2011; Willis & MacDonald, 2011; Xing et al., 2014) . Willis & McDonald (2011) found that persistence and adaptation was the predominant response in the plant fossil record under Cenozoic climate warming. Here, we have found a mixed response of different clusioid lineages facing climate cooling, with evidence of extinction and/or migration (ancestors of the CPH clusioid lineages) but also of adaptation (Hypericum ancestors). This adaptation was probably crucial for the evolutionary success of Hypericum, the most species-rich and widespread of all clusioid genera. Yet, Hypericum might not be unique. Based on the Holarctic early Cenozoic fossil record, it has been argued that the climatic tolerances of many characteristic modern temperate taxa, including Alnus, Quercus, Laurus, Fagus, Betula, Platanus, Carya, Ulmus or Vitis, in North America, or Populus, Salix, Myrica, Carpinus, Rubus, Ilex, Acer or Tilia in Eurasia, changed in the Holarctic concurrent with the TEE (Wolfe, 1977) . Further studies might shed light on whether these now temperate forest genera descend from ancient tropical taxa, which, as Hypericum, evolved temperate tolerances in situ.
To clarify this hypothesis for Hypericum and other such lineages, a combination of paleontological and neontological data might be crucial (Slater et al., 2012; Meseguer et al., 2015) . If climate change is rapid and intense, it can have a clade-wide effect, driving to extinction entire lineages or promoting niche evolution across all members of a clade (Eiserhardt, Borchsenius, Plum, Ordonez & Svenning, 2015; Spriggs et al., 2015) , in which case, evidence of ancestral climatic tolerances might be lost from extant taxa. In our reconstruction, where fossil information was limited to crown-node Hypericum, including evidence from extinct lineages did not change the inferred trend but contributed to decrease uncertainty in the inference (Fig. 2, S4.3) . On the other hand, inclusion of fossil evidence might be critical to reconstruct the evolutionary fate of clades of the ancient, long-vanished "boreotropical" forest, such as the ancestors of the CPH clusioid clade, where extinction was inferred high.
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